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n-·-duate Schoo• CHAPTER I 
ELECTRICAL CONDUCTION IN SEMICONDUCTORS 
rv:uction Semiconductor devices such as solid state diodes have been 
.::lectronic equipment for many years even though the theory of their 
as not well knovm o Intensive research in the field of solid state 
ing the 1940 9s made great advances in the understanding of electri-
~noaena in solids, and one of the products of this research is the 
or. Its invention vras announced in 19M~ by Bardeen and Brattain of 
elephone Laboratories. 
~sisters perform electrical functions quite similar to those performed 
ucuu= tubes, e.g . amplification, rectification, oscillation etc. Because 
ir many advantages, it can be expected that transistors will replace 
·~~~ tubes in a very high percentage of electronic applications. 
·.um tube and transistor circuits have many points in conunon although 
ysis of t ransistor circuits is more complex. The physical construe-
the transistor is very simple--one small wafer of semiconductor 
rial such as germanium with several wires connected to it. However, the 
-sis of its operation involves conduction processes which are not employed 
c~ t ube work. The refore, it i s necessary to discuss solid state con-
n processes before considering the transistor itself . 
- ·2 Electrical Conduction An elect ric current is defined as charges in 
i --... In a vacuum, the charges encounter . no resistance to movement and 
re~ore are accelerated to high velocities towards a positive electrode, 
~ ~ solids, liquids and gases the movement of charges is restricted by 
!lisions with other particles. When considering the conduction of a 
rent in a given material it is necessary to consider three factors : the 
r of available charge carriers per unit volume 9 the amount of charge on 
~n carrier and the freedom of movement of the charge carriers. These three 
determine the conductivity (or resistivity) of the material. 
(j = nqu (1 .21) 
n.ere fT is the conductivity in (ohm em) -l, n is the number of charges per 
cub2.c centimeter, q is the amount of charge ( in coulombs) on the charge carrier 
u is the mobility of the particle in em/sec per volt/em. Mobility de-
scribes freedom of movement in t ,erms of velocity per unit elect ric field. 
For a material to conduct electricity it must contain mobile charges . 
Yost mat erials are electrically neutral (possessing equal numbers of positive 
and negative charges) and in the absence of externally supplied energy, the 
electrons are all bound to atoms. If mobile charges are to exist in a 
~terial, they must result from a separation of the bound charges of the atom. 
~o effect this separation, energy must be supplied. Heat and light ar e simple 
:::eans of supplying this excitation energy. For example, at room temperature, 
each atom of a copper wire has one electron with sufficient energy so as to 
be somewhat independent of its parent atomo In insulators, the temperature 
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considerably above room temperature to produce a suff icien 
~~e charges to conduct much current. 
Since energy is the requirement for the production of 
s in a material, conductivity can best be accounted for in 
An energy level is just a certain value of energy 
a particle. Although any unit of energy ney be employed, the 
is most convenient. The energy level diagram of the orbital 
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Figure 1.31 Energy level diagram for a hydrogen atom·. 
s taken as zero when the electron has received no external energy. 
ne nornel state. 
el ectron may possess only certain values (levels) of energy. When 
-ron has an energy level greater than the normal state, the atom is 
be excited. For the hydrogen atom, the first excitation level is 
f sufficient energy is snpplied to the electron it becomes 
f rom the atom. This is ionization--the production of a mobile 
- separ ating the bound electron from its parent atom. ~or the 
~regen atom t he ionization energy is 13.5 ev. Fig. 1.32 shows several 
~ ~~ate s of a hydrogen atom from an orbital viewpoint. 
E9 
or mal Excited Ionized 
Figure 1.32 Three energy states of a hydrogen atom. 
l-2 
For more complex atoms, it is only the electrons in the outer shell 
ence electrons) which are significant in this production of mobile 
rges . Once separated from the parent atom, these mobile electrons may 
e part in electrical conduction. The remaining part of the atom is an 
obile positive ion. 
Conductors, Semiconductors and Insulators The energy level concept is 
eryc onvenient device for showing the difference in the conducti vity of 
-ious ~terials. However, the energy level diagram for one atom is 
~fied considerably when other atoms are present. The proximity of atoms 
sult s in many more permitted energy levels, and the term energy band is 
__ oyed to show the energy states in a material. Three energy bands are 
interest here. The valence band refers to those pe rmitted energy levels 
r electrons in the second highest energy band. The conduction band refers 
energy l evels for electrons in the highest energy band. Electron; with 
·-rgies in the conduction band are mobile charges and can be part of an 
_ectric current, while those in the valence band do not participate directly 
- conduction. The energy gap (forbidden band) between the valence and con-
tion bands is a measure of the energy r equired to produce mobile charges. 
shown i n Fig. 1.41, the size of the energy gap indicates whether a 
~erial is a conductor, semiconductor or insulator. The energy gap for 
~nium is about O.?ev • 
. 5 The Germanium Crystal The basic material of most transistors is either 
rmanium or silicon. Although germaniwn transistors have slightly different 
aracteristics than those made of silicon, the principles of operation are 









I nsulator Semiconductor 
Figure 1.41 Energy band diagrams. 
Conductor 
The germaniwn atom has four electrons in its outer shell and therefore 
alence of four. When these atoms are present in large numbers, t hey join 
· -vh each other in a certain pattern making up a crystal. This three 
i.:.:nensional pattern is called the lattice structure of the crystal. Depen · · 
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n the formation process, there may be many small crystals (polycrystalline) 
r possibly only one large crystal (monocrystalline). 
An analogy may be of help in understanding the lattice structure. Suppose 
:hat 1000 cubical blocks are dumped into a box. Due to the shape of the 
ocks t here is a tendency for them to arrange themselves in a certain way 
so as to occupy the l east amount of space. The chances are that there will be 
small groups of blocks assuming orderly arrangements. These small groups 
orrespond to small crystals in a polycrystalline material. If the forming 
r ecess is controlled, the formation of all of the blocks into the least 
amount of space with all faces touching results in one large cube. This is 
analogous to a sample of monocrystalline germanium. 
Figure l o5l is a two-dimensional representation of the three dimensional 
~attice of a germanium crystal. The large circles represent the nucleus and 
all orbital electrons except the valence electrons which are represented by 
~us s i gns . This representation shows that each germanium atom tends to 
~earn up with its four nearest neighbors so that there are electron sharing 
arrangements called covalent bonds. Through this sharing process, each atom 
has ei ght electrons associated with its outer shell making it ' a stable con-
figuration. 
?igure 1.51 Two-dimensional representation of the l attice structure of 
germanium. 
1 .6 Conduction in Pure Germanium When external energy in the form of 
heat or light is supplied to a germanium crystal, some of the covalent 
bonds are broken. The free electron which r esults ha s sufficient energy 
·o be essentially free of its parent atom. It is free to move interstitially 
·hrough the crystal lattice and thus is a mobile charge contributing to the 
conductivity of the crystal. The l i beration and motion of this electron r 
represented in Fig . 1.61. The mobility of these i nterstitially moving 
electrons is about 3600 em/sec per volt/em. · 
The remaining germanium atom is a positive ion and is held lirunobile 
in the crystal l attice. The positi ve charge crea~ed by the departed electron 
· s called an electron hole. By means of a trading mechanism a valence 
electron from a neighbor atom can fill this electron hole. This trading 
.recess results in t he electr on hole moving from atom to atom thus producing 
l -4 
mobile positive charge. The hole moves substitionally through the crystal 
_attice, but with a different degree of freedom than that associated with 
" 
Figure 1.61 Representation of the thermal generation of an electron-
hole pair . 
e interstitially moving electrons. The mobility of holes in germanium 
-s about 1700 em/sec per volt/em ~ The hole is considered as a particle 
"th a positive charge and a mass the same . as t hat of an electron. 
This production of mobile holes and electrons is called the thermal 
~neration of electron-hole pairs. The number of pairs generated in a 
-iven material depends upon the temperature and the amount of energy re-
~red \ 0. 7 ev f or germanium and l .ll ev for silicon) to raise an electron 
~om the valence band into the conduction band. Thus the conductivity of 
Jre germanium is dependent on temperature. 
If a volt age i s applied to a germanium crystal, the electrons will 
=ift t oward the positive terminal and t he hole s toward the negative termi-
al . Because of the opposite polarity of the t wo types of charges, the 
~ents add. At room temperature, the small number of electron-hole 
i rs generated classifies pur e germanium as a semiconductor • 
. 7 Impuritl Semiconductors If other atoms (impurity atoms) are present 
_th the germanium stoms during the forming process of the crystal, they 
y fit into the l attice of germanium i f the impurity atoms have certain 
operti e s . If the impurity atom has five valence electrons~ it may fit 
-~o the crystal structure in place of a germanium atom, but it will have one 
~ectron in excess of that required to complete the valence bonds with its 
ur germanium neighbors. See Fig . lo'7lo The energy required to dislodge 
~s excess electron is about one twentieth of that required for the thermal 
.neration of an electron-hole pair, and at room temperature it may be con-
_ctered that nearly all excess electrons of impurity atoms have been disloged 
therefore the conductivity of doped germanium is considerably higher than 
:Te germanium. 
In contrast to the case of pure germanium, the remaining positive charge 
ell as the ion itself is immobile because all four convalent bonds are 
plete. Valence five impurity atoms are called donors, and the resultant 
call ed N type. InN t ype germanium, conductivity is due 
1-5 
Fig. 1.71 N type germanium. 
ipally to mobile electr ons from donor atoms and in part to thermally 
~ted electron-hole pairs. Antimony and arsenic are commonly used donor 
"ties. 
~f the impurity atom has a valence of three, it may fit into the gar-
crystal l at t ice (Fig. 1.72a), but one of the val ence bonds is not 
eted. Because of energy level considerations, a valence electron from 
~nium neighbor will complete this covalent bopd (Fig. 1.72b) thereby 
_ating a mobile electron hole free to move substitutionally through the 
The excess negative charge associated with the impurity atom is 
alence three impurity atoms are called acceptors and the resultant 
germanium is called !: ~· In P type germanium, the conductivity is 
r incipally to holes from the acceptor atoms and in part to electron-
pairs generated thermally. Indium and gallium are commonly used for 
or impurities. · 
:n P type materials the majority carriers are holes, and any electrons 
nt (such as those from thermally generated electron-hole pairs) are 
minority carriers. An analogous statement can be made for N type 
:-ial. 
.(a) (b) 
Fig. 1 . 72 P type germanium 
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3 Impurity Concentration For proper operation of transistors, the impurity 
centration must be carefully controlled. In the preparation of germanium 
r transistors, a high purity germanium is doped with t he desired amount and 
-pe of impurity. The high purity germanium has about one foreign atom per 
million germanium atoms. Doping with the desired impurity consists of 
·.ding about 10 impurity atoms per 100 million germanium atoms. Doping can 
- done during the crystallization process but is now generally accomplished 
· a fusion process after the crystal has been formed and cut to size . 
-·9 Diffusion Currents If a gas is placed in a container, the molecules 
~ diffuse throughout the container. The resultant movement of the molecules 
~om one part of the container to another is a diffusion current of the 
ecules. The r ate at which the diffusion takes place depends on a difference 
concentration of the gas molecules. 
If charged particles are injected into a semiconductor, they tend to 
fuse to all parts of the material. This movement of electrical ""'"clia'rges 
r om one place to another constitutes a diffusion current. It is an important 
:actor in the operation of transistors and semiconductor diodes. 
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CHAPTER II 
DIODES AND TRANSISTORS 
The PN Junction Although the small wafer of semiconductor material used 
transistors and semiconductor diodes is a single crystal, both N and P 
e regions are present. The transition region between N and P type materi als 
s called a PN junction, and its most significant property i s that of unilateral 
nductivity. In a typical transistor, the semiconductor wafer is 10 mils 
ick and 50 mils square--about the si ze of a pin head. A common method of 
. educing the PN junction is to fuse an indium wir e to an N type wafe r of 
rmanium. Indium atoms di ffuse into the wafer and convert part of it to 
- t ype. Temperature and time are important factors in determining the depth 
-·d concentration of doping. A single PN junction is the basis of semi-
ondu.ctor diodes whereas transistors contain t wo or more junctions .. 
. 2 Diffusion of Charges Acros s a PN Junction For proper operation of a 
.~ junction , the crystal lattice structure must be maintained intact across 
.ne junction, but f or expl anation purposes it i s convenient to assume that 
start with two separate pieces of germanium as in Fig. 2.2la. There are 
our types of electrical charges to consider--mobile electrons and holes 
· r oduced principally by t he impurities but in part by the thermal generation 
~f elec~ron-hole pairs , and immobile positive and negative charges associated 
'th the impurit y atoms. 
For the moment excluding the thermally generated pairs, holes are the 
nly charge carriers in the P region and el ectrons the only charge carriers 
~ the N r egion. When separated as in Fig . 2 .2la, each piece of germanium 
: ontains equal numbers of positive and negative charges and thus are electri-
~ally neutral. 
PType 
e ... e + A+ e • e + e • e + e+ 
e ~ e ~ e+ 
p Type 
I 
e + ~ ... e ' 
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--e-~ 
-~- E9 -E9 
. ·(a) 
/ N Type 
$-EB-EB 
EB E9 ·e ~ EB 
@~@~EB 
(b) 
(±) immobile positive ion 
e immobile negative ion 
. ig . 2 .21 Germanium PN Junction. For the sake of clarity, the diffused 
charges have not been shovm in (b) . 
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Now if these two pieces are brought int o contact as in Fig. 2.2lb, 
e mobile charges tend to diffuse throughout the entire crystal in a 
~er similar t o the diffusion t hat would take pl ace if the door of a 
ke filled room is opened t o a room filled with fresh air o The diffusion 
: t he hole s into the N region and the diffusion of the electrons into the 
region upsets the electrical neutrality of each region 9 making the P 
gi on negative with respect to the N r egion. 
Let us consider the effect of this internally generated voltage upon 
e dif fusion process which produce~ it . The first charges to participate 
t he diffusion process are t hose nearest the j unction because diffusion 
epends on the diffe rence in concentration. Assume that some diffusion has 
aken place as in Fig., 2.2lb. Now consider an electron from the N side about 
o cross the junction by diffusion. Ahead of it is the negative P material 
d behind is the positive N material. The electrical forces of attraction 
.nd repulsion oppose the diffusion of this el ectron across the junction. A 
imilar condition exists for holes. 
In contrast to the diffusion of smoke f r om one room to another9 the 
· f fusion of el ectrical charges develops an electrical force which tends to 
:-estrict further diffusion. Thise r estraining force grows in magnitude as 
~he diffusion progresses so that higher and higher velocities are required 
-Or additional diffusion . Eventually9 a state of equilibrium is established 
~ which the f orces of diffusion are balanced by the electrical restraining 
_orces. The net result of th_e diffusion process is to establish a voltage 
cros s · the junction and to produce a region ab::>ut the junction which is 
evoid of mobile : harges. 
2.3 Effect of Thermally Generated Electron-Hole Pairs On each s ide of the 
j unct ion, additional mobile charges are produced by the thermal generation 
of electron- hole pairs from the germanium atoms. These electrons in the· N 
region and the holes in t he P region merely add to the concentration of mobile : 
charges already presento However 9 the thermally generated electrons in the P 
region and the holes in the N region are of significance. These charges are 
called minority carriers. A brief inspection will show that the minority 
carriers are helped across the junction by t he j unction voltage. Since these 
minority carriers are constantly bei ng generated, there will be a steady current 
across the j unction opposite to that of the diffusion current. For equilibrium 
at a given temperature the current of the minority carriers must be balanced 
by an equal and opposite diffusion current. In diode t erminology, -the 
diffusion current is called a forward current 9 and the current due to the 
minority carrier s is called a reverse current. The conventional .direction of 
a current is that of the positive charges. Thus , the forward current flows 
from the P region into the N region9 and this direction is called the forward 
direction of the junction. · 
2.4 Unilateral Effect of the PN Junction Let us first consider the f orward 
direction of the junction. I f an external volt~ge is applied to the two ends 
of the germanium crystal 9 the internal mobile charges •vill have an additional 
force upon them9 and depending upon the polarity of the applied voltage 9 
diffusion will be either encouraged or suppressed. In Fig. ·2.4la the polarity 
of the applied voltage is such a s to f orce the electrons in t he N region toward 
the junction, thus a s sisting the diffusion of the el ectrons into the P region. 
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similar condition exists for the holes in the P .region. The amount of 
-rrent through the device is dependent on the magnitude of the applied 
tage as shown in Fig. 2.4lb. Observe that the P side of the junction 
3 connected to the positive terminal of the suppl y for forward operation 
: t he PN junction. 
r-- p - N 






Fig. 2.41 Forward operation of a PN junction. 
VoL. rAGE 
(b) 
If the polarity of the applied voltage is reversed as in Fig. 2.42a, 
~he effect of the applied voltage is to suppres s diffusion of the majority 
zarri ers and thus the major ity carriers are not available for conduction. 
illother way of looking at this i s to say t hat t he majority carriers are 
at tracted away from the junction l eaving the junction region with no mobile 
: harges t hereby making it an insulator. A slight modification must be made 
~or the thermally generated minority carriers. An investigation will show 
:.hat the minority carriers are driven toward the junction and therefore 
~duce i t s resistance to t he passage of current. However, the current due 
:.o these minority carriers is small and independent of the magnitude of the 
applied voltage provided t he applied voltage is high enough to mveep them 
cr oss the junction as soon as they are generated. 
VoLTA<;e 





Fig. 2.42 Reverse operation of a PN j unction. 
The reverse characteristic of the PN junction is shown in Fig. 2.42b. 
In the normal operation of a junction, t he reverse current is small and 





spoken of in terms of the ratio of its forward resistance to its inverse 
· stance, i.e., front-to-back r atio. 
Semiconductor Diodes The use of solid state diodes dates back t o about 
16 . In recent times, germanium and silicon diodes have been perfected so 
t o allow their use in many applications of rectification and detection. 
vse diodes ar e small in size (about the size of a 22 rifle bullet), 
sonable in cost, rugged, long life, and require no filament power. 
ern electronic computers such as those used in electronic flight systems 
- employ several thousand in one piece of equipment • 
. 6 Point Contact Transistors Transistors are generally classed as either 
ction or point contact devices. The construction and characteristics are 
nsiderably different, but many of the basic principles of operation are 
~ar. The explanation of the operation of the point contact transistor 
more difficult than for junction transistors. Since junction transistors 
:e more commonly used, the point contact transistor will not be discussed 
r e. The sketch in Fig . 2.61 shows the main parts of a point contact 
~ansistor. 
Emitter Collector 
Phosphor bronze whisker Beryllium copper 
whisker ~ ~ 
Base 
+-- Pellet of N t;ype 
germanium 
Fig. 2.61 Construction of a point contact transistor • 
• 7 Junction Transistors In general, a junction transistor consists of 
o PN junctions in a single crystal of germanium or silicon. If N type 
t erial is sandwiched between two P regions, the result is a PNP transistor, 
ereas an NPN transistor has a P region in between t wo N regions. 
Fig . 2. 71 shows the construction of a PNP germanium transistor. In 
:he manufacturing process, indium plates are attached to the two sides of a 
rystal of N type germanium and then heated until the indium fuses to the 
ermanium thereby contaminating it so a·s to form P type regions on the sides. 
· re s are then attached to the basic crystal and to the two indium plates. 
:n many re spects the transistor is similt r to two PN diodes connected back-
:.o-back. 
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Fig. 2.71 Construction of a PNP germanium transistor. 
For explanation purposes it is convenient to use a pictorial representa-
.ion of the junction transistor as shown in Fig. 2G72o The emitter-base 
~ction is biased in a forward direction whereas the collector-base junction 
_s reverse biased. This holds true for both PNP and NPN units. The main 
ference in circuitry of the two types is in the polarity of the applied 
tages. 
p N p c E N p N c 
B 8 
Fig. 2. 72 Ri.asing of PNP and NPN TransiStors. 
If only the emitter battery is connected, a fairly large (forward) 
~rent flows in the emitter-base circuit, and if only the collector battery 
-s connected, a very small (reverse) current due to the thermally generateq 
~ority charges flows in the collector-base circuit; thus the emitter-base 
ircuit is a low impedance circuit, and the collector-base circuit is a high 
~dance circuit • 
• S Transistor Act~on In a general way the transistor, like the triode tube, 
y be considered as a unilateral resistor whose r esistance depends upon the 
· gnal input . 11Transistor action 11 consists of controlling the reverse 
~sistance . of the collector junction by means of injecting minority carriers 
-nt o the base region. (It will be recalled that minority carriers flow 
. reely across a reverse biased junction.) As vrlll be shovm below, the in-
ection of minority carriers into the base r egion is accomplished by a current 
_n the emitter-base circuit . 
Let us first consider t he collector j unct ion (Fig . 2.81). Due to the 
_,1olarity of the collector-base voltage , the holes on the P side and the 
electrons on t he N side are forced away from the j unction leaving it devoid 
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-
_: mobile charge carriers . If the emitter circuit is open, the only 
ollector-base current is t hat due t o minority carriers, i.e., the t hermally 
~nerated holes on t he N side and electrons on t he P side. Thi s is an 
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Fig. 2.81 Transistor action. Immobile charges are not shovUI. 
Now l et us consider the emitter junction. Due to the polarity o{ the 
pplied voltage , holes from the P side are forced (assis t ed by diffusion) -
across the junction into the base region, and electr ons from the base region 
are fo r ced into the emitter regi on. Thus, there will be a fairly high 
( fo~vard ) emitter current. The electron flow across the emitter junction 
i s an undesirable current because it plays no part in the control of the 
collector current. It may be kept small by using a base r egion which is 
l ightly doped. 
The hole cur rent across the emitter junction is significant. When 
t hese holes cross into the base ~egion t hey may be (1) attracted down to 
the base el ect rode (undesirable ), (2) recombine vdth an electron (undesirable) 
or (3) t ravel into t he r egion of t he collector junction and be swept across 
t hereby cont r ibuting to t he collector current. The probability that ·these 
inj ected holes will diff use into t he r egion of t he collector junction may 
be gr eatly enhanced by making the base region very thin and by using a large 
area for t he collector j unction . In a typical trans~stor, 98% of the injected 
hole s may reach the collector junction . 
From t he foregoing, it can be seen that i f t he current in the emitter 
junction is varied , the collect or current will al so vary . However, only 
t he hole component of the emit ter j unction current (PNP transistor) is 
effective in controlling the collect or current. Typical values for voltages 
and current s in Fi g . 2.81 are as f ollows: 
ve = ol volt 
I = 5 ma . e 
lb = .1 ma . 
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V = 2 volts 
I~ = 4.9 mao 
For PNP and NPN junction transistors, the current changes produce 
e collector circuit are always slightly less t han the change s in the 
' tter current. This is because some of the minority charges that are 
-njected into the base region do not reach the collector junction. If a 
·.gnal were inserted at point X (Fig. 2.81) there would be no current 
plification . However, there can be voltage and power amplification since 
~ne collector circuit is a high impedance circuit compar ed to that of the 
-~tter. This may readily be seen· by considering the input at point X to 
a voltage signal. The emitter current is dependent on the emitter-base 
oltage , and therefore the collector current will be controlled by the 
.:..nput signal voltage. However, the collector current i s nearly independent 
f collector-base voltage since it is reverse biased; thus the emitter-base 
-oltage may be thousands of times more effective tpan the collector-base 
oltage in controlling the collector current. 
If the input signal voltage is inserted at point Y, it will influence 
he emitter junction current and the collector current in about the same 
:anner as befote. (The inclusion. of the signal voltage in the collector 
ircuit has very little effect in the collector circuit because the collector 
'unction is reverse biased.) The base current is the difference between the 
emitter and collector currents, and thus is very small. Small changes in 
~he base current produce large changes in the emitter and collector currents. 
Current, voltage and power amplification can be obtained with the signal 
inserted in the base circuit. 
E c £ c 
8 
PNP 
Fig. 2.82 Symbols used for PNP and NPN transistors. 
2.9 Characteristic Curves The emitter-base current is the factor which 
controls the collector (output) . current. Of course the emitter-base voltage 
is also involved , but a non-linear relation (Fig. 2o9la) exists between 
this voltage and the output current whereas a nearly linear relation exists 






Fig. 2. 91 Transfer characteristics of a junction transistor. 
There are many ways in which the electrical properties of a transistor 
may be displayed graphically. However, the one graph of Fig. 2.92 is probably 
the most useful and sufficient for .the purpose at hand. This collector 
characteristic is quite similar to the plate characteristic of a pentode 
vacuum tube. Th~ major difference is that the input current (base current) 
is taken as the running parameter rather than the input valtage r , 
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Fig. 2o92 Collector characteristic of a junction transistor. 
2.10 Transistor Parameters The electrical characteristics of a transistor 
may be r epresented by means of parameters in a way similar to the use of 
- mu, g.m and r f or a triode tube. The most significant parameter for a 
p ' 
transistor is its current amplification factor which indicates the amount 
2-S 
of cOllector current variation that is produced by the input current varia-
ion. If the input current is the emitter current then 
o(::: 
where ot. is the emitter to collector current amplification factor. For 
junction transistors ~is l ess than unity and has a typical value of 0.98. 
A more useful way of expressing the current amplification factor is to 
compare base and collector current variations. 
Where the subscripts of c( indicate that the base and collector current 
variations are being compared. c(,s may have values as . high as 100. It 
is suggested t hat ~c• be det ermined f rom the graph of Fig. 2.92. 
In addition to t he current a~ification factor, several values of 
resistances are employed in equivalent .circuit work. These are: the 
emitter r esistance r e , the collector resistance rc, the base resistance 
rb, and the transfer resistance r~. Although these quantities are generally 
listed in the descriptive information of a transistor, they are properties 
of the equivalent circuits and are not directly associated with the transistor 
itself. Their definition and derivation are beyond the scope of this dis-
cussion. Also not discussed here ar e the parameters which determine the 
frequency characteristics of the transistor. 
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CHAPI'ER III 
APPLICATIONS OF TRANSISTORS 
3 .1 Equivalent Circuit Representation The analysis of small-signal operation 
of transistors may be accomplished by equivalent circuits as is wit h vacuum 
t ubes. However, the equivalent circuit is generally more complicated because 
of the lack of isolation between input and output circuits. There are numerous 
equivalent circuits used in transistor analysis and most employ ei ther T or 
pi networks. One of the most common is the T circuit shown in Fig . 3.1. The 
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Fig. 3.1 Equivalent T circuit representation of the transistor . 
In this circuit, the transistor is considered to generate a signal voltage 
equal to the product of the input signal current and the transfer resistance. 
This generated signal corresponds to thepEg voltage of the equivalent circuit 
of a triode tube . A solution of the equivalent circuit of Fig. 3.1 gives 
such quantities as: current gain, voltage gain, power gain, input resistance 
and output resistance. 
3.2 Basic Amplifier Configurations Although the grounded cathode circuit is 
most common for vacuum tubes, the grounded grid and grounded plate are also 
used. In transistor work, the grounded emitter is most frequentl y used, but 
depending upon the desired performance, grounded base and grounded collector 
circuits are sometimes employed. The word ngroundedrt as used here means 
that a particular terminal is common to both input and output circuits. 
Fig. 3.21 shows t he three basic configurations for tubes and transistors. 
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Grounded Cathode Grounded Emitter 
Grounded Grid Grounded Base 
Grounded Plate Grounded Collector 
Fig. 3.21 Basic Amplifier Configurations, 
By means of equivalent circuit analysis, the properties of each of 
the t hr ee conf i gurations may be derived. The following table . lists typical 
performance values for a single stage. 
Grounded Emitter Grounded Base Grounded Collector 
Current gain 50 1 50 
Voltage gain 3000 3000 1 
Power gain 2000 2000 50 
Input re s~stance 1000 ohms 100 ohms 10,000 0~ 
Output resistance 100,000 ohms 100,000 ohms 100,000 ohms 
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These t abulated values can be misleading unless interpreted properly. 
_o ge.t a voltage gain of 3000 requires different circuit values. than 
~equired to get a current gain of 50. Also, when transistors are cascaded, 
~he loading effects of adjacent stages may r educe the performance considerably . 
?r om a practical viev~oint, the t ransistor can be expected to produce gains 
~omparable to those obtained with vacuum tubes. 
3·3 A Grounded-Emitter Amplifier Fig . 3.31 shows the circuit diagram of a 
' ngle stage audio frequency amplifier. The value of the supply voltage is 
ot critical and is determined by the particular transistor employed and the 
s ignal l evel. The t wo coupling condensers have the same significance as in 
~acuum tube amplifier s . As with vacuum tube amplifiers, the performance of 
single ampli fier st age may be affected considerably by the devices connected 
.. o it. For the sake of simplicity, the load of the following amplifier has 
3ot been shown; however, the small value of R1 (1000 ohms) used here yields 
!'esults s imilar to an actual loaded amplifier. 
~ 
/t/ ' \ J 
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3v 
Fi g . 3 .Jl Grounded-emitter audio amplifier .. 
The met hod of construction of the load line and selection of the 
operating point is about the same as for vacuum tubes. See Fig. 3.32. 
:f t he ba se bias current is selected to be 30 microamperes, the operating 
;><>int is 
Ib = 30 ua 
Ic = 1.5 ma 
V = 1.5 volts c 
A base bias current of 30 microamperes can be obtained from the three 
t batter y and a bias r esistor of 
E 3 
Rb = I = 30 X l o-6 = 100,000 ohms 
s calculation is based on the assumption t hat t he r es i stance of t he 
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Fig. 3.32 Collector ch~racteristic of RR96 transistor. 
\ 
To determine the performance of the amplifier, let us assume an input 
signal 
ig = 10 sin wt microamperes 
Then by conventional load line analysis, it is· found that the signal component 
of the collector current and voltage a~e approximately 
i '"' o5 sin wt c 
ec = ·5 sin wt 
milliamperes 
volts 
A comparison of input and output signal currents shows that the 
gain is 50. The input voltage required t o produce the assumed input 
current is not so easily _determined and will not be developed hera. 
appropriate value of signal voltage is 
e = .02 sin wt volts 
g 





Analysis of this amplifier by the equivalent cirucit method yields 
pproximately the same results as obtained graphically. The parameters 
~or this transistor and its equivalent T circuit are: 
Re = 30 ohms 
Rb = 600 ohms 
o( CB = 50 
Rc = 1, 000,, 000 ohms 
Rm = 980,000 ohms 
3 ·4 An Audio System Fig. 3e4l shows the circuit diagram of an audio 
f requency amplifier capable of giving good loudspeaker output from a 
crystal or dynamic microphone. Practical features such as temperature 
stabilization, fidelity, tone control; de-coupling, efficiency, minimum 
number of components, etc., have been sacrificed her e for the sake of 
circuit simplicity and r esemblance to vacuum tube circuits. The resistors 
in the base circuits are for current biasing and would have a value in the 
order of 250,000 ohms depending on the battery voltage and the particular 
type of transistors used. The re s istors in the collector circuits are 
load or coupling resistors and should have a value in the order of 10,000 
ohmso 
-11 , ( l J ~-u-n:-r~.J 1 · 1 ~ u ~ 1~ 
Fig. 3.41 Audio amplifier 
3.5 Other Use s of Transistors Transistor circuits for oscillators, detectors, 
RF amplifiers, modulators, clippers, etc., follow the same basic pattern as 
the corresponding vacuum tube circuits. The major differences are associated 
vdth the biasing circuits and the input and output impedance levels. 
3.6 Advantages of Tr ansistors The many advantages of transistors are re-
sulting in a vddespr ead r eplacement of vacuum tubes in circuit design, and 
many electronic applicat ions heret of ore not practical have come into being 
because of the transistor. Some electronic equipments in airplanes have been 
impr actical because of t he wei ght and space occupied by tubes, their 
components and power supplies . Modern airborne electronic . systems employ 
t housands of t ransistors and semiconduct or diodes in one unit. 
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The following tabulation lists same of the advantages of transistors 

















Negligible compared to tubes. 
Negligible compared to tubes. 
Surpasses tubes. 
Surpasses ·tubes. 
None required for transistors. 
Much less than for tubes. 
None. 
Surpasses tubes. 
Comparable to tubes. 
Tubes excel at present. 
Vacuum tubes excel at high temperatures. 
Comparable to tubes except for newly developed units. 
V,acuum tube excels. However, transistors have been in 
use in the VHF range for some time, and newly developed 
units can operate in the UHF region. 
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